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INTEGRATED THERMAL
CHARACTERIZATION AND TRIM OF
POLYSILICON RESISTIVE ELEMENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
patent application No. 60/722,279 filed on Sep. 30, 2005,

which 1s incorporated herein 1n 1ts entirety by reference.

TECHNICAL FIELD

The present invention relates to trimming polysilicon resis-
tive elements and, more particularly, to trimming polysilicon
resistive elements by adjusting the “‘resistive mixture” of
plural polysilicon segments having uniform or linear thermal
coellicients of resistance of opposite signs.

BACKGROUND

Integrated circuits (IC), especially analog integrated cir-
cuits, need precise, temperature-stable voltage and/or current
sources that are processed independently. Traditionally, very
precise voltage sources can be produced, e.g., using bandpass
or buried Zener circuitry. However, precise current sources
that exhibit both process stability and temperature stability
are more difficult to manufacture on-chip partially due to the
lack of precision resistive components 1n most IC processing.

Available resistive components used in conventional IC
processing have very large temperature coelficients, e.g.,
measured 1n the 1000’s of ppm/° C., and large process toler-
ances, e.g., 30 percent. Accordingly, heretofore, ICs requir-
Ing a precision current source have had to rely on external,
1.€., off-chip, reference resistance in combination with on-
chip voltage reference.

Existing methods of providing precise, on-chip current
sources rely on erther using a very accurate, resistive material,
¢.g., thin films of chromium-based metals, and/or combining
lower-accuracy solid-state devices 1n such a way as to provide
a final device with a high-degree of accuracy, which is to say,
with a low temperature coetficient (TC) and a tight tolerance.

Establishing a process with a very accurate, resistive mate-
rial, however, requires additional, expensive processing, typi-
cally mvolving additional process masks and fabrication
steps. Combining lower-accuracy devices to produce a
higher-accuracy device requires testing due to the electrical
characteristics of the opposing TC poly-materials, which do
not necessarily track each other due to manufacturing toler-
ances, and, further, requires trimming of the silicon watfer or
the resulting, packaged device at multiple temperatures.

Combining or mixing positive TC current sources and
negative TC current sources to provide a zero or near-zero TC
current source 1s known 1n the art. However, verification of
the proper “resistance mixture’ to achieve the desired zero or
near-zero TC mix without having to trim any “over tempera-
ture” remains problematic.

Therefore, 1t would be desirable to provide devices and
systems that use readily-available, lower-accuracy solid-state
components and standard IC processes to provide a repeat-
able, precision, zero or near-zero TC, poly-silicon resistance
network that provides an optimal “resistance mixture” of
opposing TC poly-materials without requiring undue “over
temperature” trimming. More particularly, 1t would be desir-
able to combine or to mix opposing TC poly-materials having
uniform/linear temperature coelficients of resistance and
identical thermal mass and thermal conductivity properties.
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It would be further desirable to include the devices on-chip
as current sources for any IC requiring a precision resistance
or a precision current. More specifically, 1t would be desirable
to provide a precision current source to enable power over the
Ethernet applications.

SUMMARY

An on-chip, temperature-stable resistance network for
generating a precision current or a precision resistance 1s
disclosed. The resistance network includes a first resistance
material, e.g., a high-sheet rho poly-silicon resistance mate-
rial, arrayed 1n a first plurality of segments on the chip and a
second resistance matenal, e.g., a medium-sheet rho poly-
s1licon resistance matenal, arrayed in a second plurality of
segments on the chip. The temperature coellicient of resis-
tance of the second resistance material and the temperature
coellicient of resistance (TCR) of the first resistance material
have opposite signs so that, when combined 1n the network,
the opposing TCRs produce a net resistance variation of zero
as the network’s overall temperature changes. In addition,
this resistance network 1s constructed 1n such a way as to
respond to only the average value of either external or local,
linear thermal gradients.

In one aspect of the resistance network, a resistive heater
clement, e.g., a metal heater coil, provides a local thermal
gradient to the resistance network. The resistive heater ele-
ment 1s disposed directly above or directly below the resis-
tance network to promote thermal coupling. Thermal cou-
pling provides a fast thermal response time, e.g., less than
about 100 microseconds, between about 20 microseconds
and about 50 microseconds, to resistance network value
changes. The resistive heater element 1s energized and the
pulse amplitude 1s controlled, to provide a uniform and sym-
metrical thermal gradient, e.g., a local temperature between
about 30 degrees Centigrade and about 60 degrees Centigrade
above the average temperature of the chip.

Optionally, a shield, e.g., ametal, grounded or electrically-
driven Faraday shield, can be interposed between the resistive
heater element and the network to reduce capacitive coupling,
and to 1ncrease thermal uniformity across the resistance net-
work surface. This shield can be grounded or electrically-
driven to a static or dynamic potential.

A circuit for providing a precision current source 1s also
disclosed. The circuit includes a temperature-stable resis-
tance network; a resistive heater element for providing a local
thermal gradient; a trim controller for changing the tempera-
ture coellicient of resistance of the resistance network; and an
absolute (or overall) trim controller for changing the tempera-
ture coellicient of resistance of the resistance network with-
out altering the precision current circuit’s overall temperature
coellicient.

In one aspect of the precision current source, the circuit
includes a mixture trim controller, e.g., a four-bit trim con-
troller such as a current mirror and a current splitter. The
mixture trim controller changes or adjusts the absolute (or
overall) TCR of the resistance network to zero or near-zero.
More specifically, the mixture trim controller varies or adjusts
the number of {irst resistance material segments and the num-
ber of second resistance material segments 1n the “resistive
mixture” of the resistance network so that the TCR of the
resistance network 1s zero or near-zero. The mixture trim
controller controls the TCR of the resistance network and the
resulting overall TCR of the precision current circuit’s cur-
rent.

In yet another aspect of the precision current source, the
precision current source also includes an absolute (or overall)
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trim controller for changing the output current. The absolute
(or overall) trim controller trims the output current without
altering the overall TCR.

A method of providing a precision current source or of
providing a precision resistance on-chip to an integrated cir-
cuit 1s also disclosed. The method includes providing an
on-chip resistance network that includes a first resistance
material arrayed 1n a first plurality of segments and a second
resistance material arrayed 1n a second plurality of segments;
determining 1nitial current and resistance properties of each
resistance material of the first and second plurality of seg-
ments; applying a local thermal gradient to the resistance
network; adjusting an overall TCR of the resistance network
by adjusting the number of first resistance material segments
and the number of second resistance material segments 1n a
“resistance mixture”; and adjusting the output current by
trimming the applied voltage to the resistance network.

Adjusting the overall TCR of the resistance network
includes determining post-energizing current and resistance
properties ol each resistance maternal of the first and second
plurality of segments; comparing initial current values with
post-energizing current values; and adjusting the number of
first and second resistance material segments 1n the “resis-
tance mixture”.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the mvention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the sub-
ject of the claims of the invention. It should be appreciated by
those skilled 1n the art that the conception and the specific
embodiment disclosed may be readily utilized as a basis for
moditying or designing other structures for carrying out the
same purposes of the present mvention. It should also be
realized by those skilled 1n the art that such equivalent con-
structions do not depart from the spirit and scope of the
invention as set forth 1n the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present mven-
tion, and the advantages thereot, reference 1s now made to the
tollowing descriptions taken 1n conjunction with the accom-
panying drawings, in which:

FIGS. 1A and 1B are examples of circuits i accordance
with the present invention;

FIGS. 2A and 2B are examples of the adjustable imped-
ance networks of FIGS. 1A and 1B; and

FIG. 3 1s an example of a flow chart depicting a method of
providing a zero or near-zero temperature coellicient preci-
s10n current source 1n accordance with the present mnvention.

DETAILED DESCRIPTION

Refer now to the drawings wherein depicted elements are,
for the sake of clarity, not necessarily shown to scale and
wherein like or similar elements are designated by the same
reference numeral through the several views.

Here, devices, systems, and methods are described for
providing an on-chip, zero or near-zero temperature coetfi-
cient of resistance (T'CR) resistor or a zero or near-zero tem-
perature coelficient current source, or current reference. The
disclosed devices, systems, and methods combine or mix an
array of resistive materials having positive temperature coet-
ficients of resistive with an array of resistance materials hav-
ing negative, 1.e., opposing, TCR so that, when combined in a
resistance network, e.g., 1 a “resistance mixture”, the TCR

5

10

15

20

25

30

35

40

45

50

55

60

65

4

with opposing signs, 1.€., the “opposing TCRs™, cancel one
another. More specifically, the present invention describes an
on-chip, temperature-stable, resistance network for generat-
Ing a precision current or a precision reference circuit.
Referring to FIG. 1A, an example circuit 100 that provides
a high-precision, on-chip, bias current IBIAS 1n accordance
with the present mnvention can be seen. Circuit 100 generally
comprises resistance or impedance network 120-1 a voltage-
to-current converter 102-1, an adjustable voltage source 114,
a pad 108, and a switch 116. The impedance network 120-1
generally comprises a heating element or serpentine heater
resistor 125, and resistor networks 1202 and 1204. The volt-

age-to-current or V-to-I converter 102-1 generally comprises
differential amplifiers 118 and 119 and transistors Q1 through

Q3.

In operation, adjustable voltage source 114 recerves a volt-
age V1 (which 1s typically about 2.5V) so as to provide
absolute (or overall) resistance trim control. Generally,
adjustable voltage source 114 provides a voltage to differen-
tial amplifier 118 so that transistor 1s able to generate the bias
current IBIAS. “Resistance mixture” trim control 1s generally
provided through differential amplifier 119, transistors Q2
(which receives voltage V2 that 1s about 10V), and transistor
Q3. The negative input terminals of differential amplifiers
119 and 119 are coupled to resistor networks 1202 and 1204,
which comprise different resistance materials. Serpentine
heater resistor 125 recerves voltage V3, which 1s about 48V so
as to locally heat resistor networks 1202 and 1204. Switch
116 1s closed to cause the resistor 125 to heat resistor net-
works 1202 and 1204, and pad 108 1s generally

Referring to FIG. 1B of the drawings, the reference
numeral 300 generally designates an example of circuit in
accordance with a preferred embodiment of the present
invention. Circuit 300 generally comprises adjustable voltage
source 114 (which 1s shown 1n greater detail), voltage-to-
current converter 102-2, and impedance network 120-2.

The adjustable voltage source 114 operates to provide a
voltage to the voltage-to-current converter 102-2. Source 114
1s generally comprised of reference resistors R1 through R7
coupled in series with one another between voltage V1 (which
1s generally about 2.5V) and ground. Reference NMOS tran-
s1stors Q4 through Q7 are coupled across resistors R3 through
R6, respectively. Additionally, imnverter 302 1s coupled to the
gate of transistor Q4. The resistance (and voltage output to
converter 102-2) 1s varied or adjusted based on the reference
signals IREF0 through IREF3.

The adjustable impedance network 120-2 provides a
impedance or resistance to the negative mput terminal of
converter 102-2. Network 120-2 generally comprises serpen-
tine heater resistor 125, faraday shield 212 (which 1s
grounded), resistors R8 and R17, and several trim sets
coupled 1n series with one another. Each trim set 1s generally
comprised of a pair of trim resistors R9/R10, R11/R12, R13/
R14, and R15/R16 coupled 1n series with one another, a pair
of NMOS trim transistors Q8/Q9, Q10/Q11, Q12/Q13, and
(Q14/Q15 that are each coupled across one of resistors R9
through R16, and imnverters 304, 308, 310, and 312. Addition-
ally, the gate of transistor Q9 and mverter 304 are coupled to
iverter 306. In operation, trim signals are provided TCO

through TC3 are provided to vary the impedance. Addition-
ally, each resistor R9, R11, R13, R15 are made of a first

material, while resistors R10, R12, R14, and R16 are made of
a second material.

As shown 1 FIGS. 2A and 2B, the temperature-stable,
resistance or impedance network 120 (which can be either
impedance network 120-1 or 120-2, but 1s referred to as 120
for the sake of simplicity) includes a first resistance material
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202 that 1s arrayed 1n a first plurality of segments and a second
resistance material 204 that 1s arrayed 1n a second plurality of
segments. The arrangement shown 1n FIG. 2 corresponds to a
common centroid configuration, however, this arrangement 1s
shown 1llustratively and 1s not to be construed as limiting. The
first and second resistance materials 202 and 204 can be
polysilicon resistors and the like. Although polysilicon resis-
tors generally have poor TCRS and poor absolute thickness
tolerances, doping levels of the polysilicon resistors can be
structured and arranged to produce suitable MSR and HSR
polysilicon resistors 204 and 202. Advantageously, polysili-
con resistors have extremely uniform or linear TCRs. Further-
more, polysilicon resistors have small extraneous parasitics
residing 1n the dielectric layers that are disposed above the
bulk silicon.

As an example, one of the resistance materials 1n the resis-
tance network 20, e.g., the first resistance material 202, 1s a
high-sheet rho (HSR) poly-silicon resistor and the other resis-
tance material 1n the resistance network 20, e.g., the second
resistance material 204, 1s a medium-sheet rho (MSR) poly-
s1licon resistor. MSR polysilicon resistors 204 and HSR poly-
s1licon resistors 202 have i1dentical or substantially identical
thermal properties, such as thermal mass, thermal resistance,
and thermal conductivity, but have positive TCRs and nega-
tive TCRs, respectively. For example, when an MSR polysili-
con resistor 204 1s heated, resistance increases uniformly or
linearly at about +800 ppm/°® C. In contrast, when an HSR
polysilicon resistor 202 1s heated, resistance decreases uni-
formly or linearly at about —400 ppm/°® C. Advantageously,
the combination or mixture of positive TCR, MSR poly-
silicon resistors 204 and negative TCR, HSR poly-silicon
resistors 202 1n the resistance network 120 can be adjusted
continuously to provide a zero or near-zero overall network
temperature coellicient of resistance. Moreover, the first
resistance material 202 and the second resistance material
204 can also be structured and arranged to negate external
thermal gradient effects when exposed to a local thermal
gradient.

Generally, as can be seen 1n FIG. 2B, polysilicon resistors
202 and 204 are formed within polysilicon resistor body 210.
This resistor body 212 1s formed over a field oxide layer 208
and DNWell 206. Above the resistor body 212, three metal-
lization layers M1, M2, and M3 are formed. Metallization
layer M1 includes a Faraday shield 212. Metallization layer
M2 includes the serpentine heater resistor 125, and metalli-
zation layer M3 includes heat spreader 216.

The local thermal gradient 1s provided by a resistive heater
clement or serpentine heater resistor 123 or thermal gradient
generator, €.g., an array ol one or more heater coils. The
resistive heater element 125 can be manufactured of a light-
weight, electrically-conductive metal, e.g., aluminum and
aluminum alloys. The resistive heater element 1235 1s disposed
directly above the MSR polysilicon resistors 204 and HSR
poly-silicon resistors 202 1n the resistance network 120 (or,
alternatively, directly below the resistance network 20, 1t the
substrate or die 1s 1mverted). Disposing the resistive heater
clement 125 directly above (or directly below) the resistance
network 120 promotes better thermal coupling while, impor-
tantly, confining the heating element 125 to a small percent-
age of the overall circuit area so that just the resistance net-
work 120 1s heated. Very tight thermal coupling ensures a
uniform and symmetrical thermal gradient on both the nega-
tive TCR portion 202 and the positive TCR portion 204 of the
resistance network 120. Thermal coupling also allows fast,
first-order thermal response time constants in the range
between about 20 and about 50 microseconds (usec). As a
result, the settling time 1s less than about 100 usec, which does
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not significantly impact testing and trimming time. Desirably,
once the resistive heater element 25 1s energized, the local
temperature of the resistance network 120 1s between about
30° C. and about 60° C. above the average temperature of the
bulk silicon substrate or die. More desirably, the average
temperature of the bulk silicon substrate or die remains rela-
tively unchanged throughout the energizing phase while the
resistance network 120 1s heated.

Alternatively, the resistive heater element 123 can be ener-
gized quickly, e.g., using a voltage jump from OV to about
48V, producing a thermal pulse. Energizing the resistive
heater element 125 provides an abrupt change in temperature
(A'T) of the resistance materials 202 and 204 1n the resistance
network 120 of about 40° C. Temperature 1s generally set by
the pulse amplitude. Thus, the AT 1s more critical that the
absolute temperature (T, ) because the intent 1s to provide a
repeatable temperature “look ahead” signal from which the
mixture trim controller (such as differential amplifier 119 and
transistors Q2 and Q3) can adjust the “resistance mixture” of
first and second resistance materials segments 202 and 204 to
achieve a zero or near-zero TCR.

A mixture trim controller, e.g., a four-bit controller such as
a current splitter, a current minor, and the like, adjusts and
controls the “resistance mixture” of the resistance network
120 to provide the lowest, 1.e., a zero or near-zero, TCR. More
specifically, the mixture trim controller extrapolates the opti-
mal combination or mixture of first resistance material seg-
ments 202 and second resistance material segments 204 that,
in a discrete combination or “resistance mixture”, provide a
zero or near-zero 1CR.

For example, the mixture trim controller uses known TCR
data for each of the various resistance materials segments 202
and 204 and, further, samples the change 1n temperature (AT)
alter the resistive heater 125 1s energized. By energizing the
resistive heater element 125 quickly and heating the resis-
tance network 120 abruptly, the overall TCR of the resistance
network 120 and the TCRs of resistance material segments
202 and 204 can be measured quickly at various tempera-
tures. Using these data, the mixture trim controller 12 can
extrapolate or forecast an optimal resistance network 20
arrangement consistent therewith. The mixture trim control-
ler changes the overall TCR of the resistance network 20 by
adding or deleting the number of the first resistance material
segments 202 and the number of second resistance material
segments 204 comprising the resistance network 120.

More specifically, the mixture trim controller proportion-
ally “trims” the number of segments or groups of the negative
temperature coellicient elements 202 and the number of seg-
ments or groups of positive temperature coellicient elements
204 1n the “resistance mixture” by measuring the output cur-
rent from the resistance network 120 before and after ener-
gizing the resistive heater element 235. Advantageously, the
mixture trim controller changes the overall TCR of the resis-
tance network 120 albeit without altering the circuit’s (circuit
100, for example absolute (or overall) resistance value. To
that end, the mixture trim controller can include or be 1n
operational association with a standard fuse, a poly-fuse bus,
an EE bus, and the like.

Optionally, a heat spreader 212, e.g., a grounded, metal or
an eclectrically-driven Faraday shield, can be interposed
between the resistive heater element 1235 and the resistance
network 120. The heat spreader 212 reduces capacitive cou-
pling therebetween and increases thermal uniformity across
the network 120 surface. The Faraday shield 212 electrically
shields the resistance network 120 from the switching noise
that resides on the heater element 125 while the heater coil of
the resistive heater element 125 1s being energized.
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Having described a resistance network 120 and circuits 100
and 300 using the resistance network 120-1 and 120-2 to
provide a precision, on-chip current source, or current refer-
ence, a method of providing on-chip, precision current will be
described. Referring to FIG. 3, there 1s shown a flow diagram
for providing the same.

In a first step, a resistance network 1s provided on the chip
(STEP 1). In one aspect of the invention, the resistance net-
work includes a first resistance material arrayed in a first
plurality of segments, and a second resistance material
arrayed 1n a second plurality of segments such as described
above. The first and second resistance materials have the
same or substantially the same thermal mass and thermal
resistance properties. However, the second resistance mate-
rial has a temperature coetlicient of resistance (TCR) oppo-
site 1n sign as that of the first resistance material. To maintain
uniform thermal resistance, the end contacts of each of the
first and the second plurality of segments are interconnected.

In a second step, an 1dentical voltage can be applied across

cach of the segments of the first and the second resistance
material (STEP 2a) and output currents can be measured or
sampled for each segment or any of a plurality of groups of
segments (STEP 2b) and summed, to provide an estimate of
the resistance provided by each segment or any of the groups
of segments of the first and the second resistance material
(STEP 2).
In a next step, a thermal gradient generator, e.g., a resistive
heater, that 1s thermally coupled to and proximate to the
resistance network 1s energized to apply heat to the resistance
network rapidly (STEP 3). The thermal gradient generator 1s
structured and arranged to provide a local, linear or uniform
thermal gradient to the first and the second resistance mate-
rials 1n the resistance network (STEP 3) without significantly
changing the overall temperature of the substrate or die.

In one aspect of the present method, the thermal gradient
generator 1s thermally coupled so that when the thermal gra-
dient generator 1s energized with a 48V bias, the temperature
of each of the plurality of first and second resistance member
segments icreases by about 50° C. to about 100° C. and the
thermal time constant 1s less than about 100 usec.

In a next step, the post-energizing output current can be
measured or sampled (STEP 4). If there 1s no change in
current between the pre- and post-energizing measurements,
then the TCR 1s already zero or has been trimmed to zero and
the operation 1s complete and the “done” position 1s achieved.
However, 1f a variation or change in current 1s measured,
sampled or detected, the “resistance mixture” of first and
second resistance material segments 1n the resistance network
1s adjusted (STEP 5).

Variations 1n pre- and post-energizing current measure-
ments can be adjusted using a mixture trim controller (STEP
5), e.g., a 4-bit controller such as for a current splitter, a
current minor, and the like, to change to overall TCR of the
resistance network. Changing the overall TCR of the resis-
tance network 1s effected by changing the number of the first
resistance material segments and the number of second resis-
tance material segments actively participating in the resis-
tance network.

In another aspect of the present method, adjustments are
“look-ahead” adjustments that use real time temperature (AT)
and current variations to forecast or predict the optimal com-
bination or “resistance mixture” of first and second resistance
member segments that provide the lowest, 1.e., zero or near
zero, TCR.

Adjustment to the “resistance mixture” (STEP 5) continues
until the TCR of the resistance network stabilizes. Once the
TCR of theresistance network stabilizes, then the absolute (or
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overall) resistance value 1s adjusted (STEP 6). Absolute resis-
tance trimming (STEP 6) proportionally adjusts the first and
the second resistance member segments. Hence, the thickness
variables can be changed without changing the temperature.
As a result, the overall TCR remains unchanged. Moreover,
temperature stability 1s limited by absolute resistance trim-
ming and overall stability is less than about 1 percent.

Having thus described the present invention by reference to
certain of 1ts preferred embodiments, i1t 1s noted that the
embodiments disclosed are 1llustrative rather than limiting 1n
nature and that a wide range of variations, modifications,
changes, and substitutions are contemplated 1n the foregoing
disclosure and, in some instances, some features of the
present invention may be employed without a corresponding
use of the other features. Accordingly, 1t 1s approprate that the
appended claims be construed broadly and 1n a manner con-
sistent with the scope of the invention.

What 1s claimed 1s:

1. An apparatus comprising:

an adjustable voltage source;

a voltage-to-current converter 1s coupled to the adjustable
voltage source and that provides a reference current; and

an adjustable impedance network that 1s coupled to the
voltage-to-current converter, wherein the adjustable
impedance network includes:

a first set of resistors that are each formed of a first
material 1n a substrate;

a second set of resistors that are each formed of a second
material 1n the substrate, wherein resistors from each
of the first and second sets of resistors are arranged 1n
a pattern 1n parallel to one another so as to reduce
external thermal gradient effects; and

a serpentine heater resistor that 1s formed over a portion
of each of the resistors from the first and second sets.

2. The apparatus of claim 1, wherein the adjustable imped-
ance network further comprises:
a field oxide layer;

a resistor body that includes the first and second sets of
transistors formed over the field oxide layer;

a first metallization layer formed over the resistor body,
wherein the first metallization layer includes a Faraday
shield;

a second metallization layer that 1s formed over the first
metallization layer, wherein the second metallization

layer includes the serpentine heater; and

a third metallization layer formed over the second metal-

lization layer, wherein the third metallization layer

includes a heat spreader.

3. The apparatus of claim 1, wherein the first set of resistors
are each formed of high-sheet rho (HSR) polysilicon, and
wherein the second set of resistors are each formed of
medium-sheet rho (MSR) polysilicon.

4. The apparatus of claim 3, wherein the voltage-to-current
converter further comprises:

a first differential amplifier having a first input terminal, a
second mnput terminal, and an output terminal, wherein
the first input terminal of the first differential amplifier 1s
coupled to the adjustable voltage source, and wherein
the second mput terminal of the first differential ampli-
fier 1s coupled to the adjustable impedance network;

a first transistor having a first passive electrode, a second
passive electrode, and a control electrode, wherein the
control electrode of the first transistor 1s coupled to the
output terminal of the first differential amplifier, and
wherein the first passive electrode of the first transistor
provides the reference current, and wherein the second
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passive electrode of the first transistor 1s coupled to the
second output terminal of the first differential amplifier;

a second differential amplifier having a first input terminal,
a second 1nput terminal, and an output terminal, wherein
the first input terminal of the first differential amplifier 1s
coupled to the adjustable voltage source, and wherein
the second imput terminal of the second differential
amplifier 1s coupled to the adjustable impedance net-
work; and

a second transistor having a {irst passive electrode, a sec-
ond passive electrode, and a control electrode, wherein
the control electrode of the second transistor 1s coupled
to the output terminal of the second differential ampli-
fier, and wherein the first passive electrode of the second
transistor 1s coupled to the first passive electrode of the
first transistor, and wherein the second passive electrode
of the second transistor 1s coupled to the second output
terminal of the second differential amplifier.

5. The apparatus of claim 4, wherein the voltage-to-current

converter further comprises a third transistor having a {first
passive electrode, a second passive electrode, and a control
electrode, wherein the control electrode of the third transistor
1s coupled to the output terminal of the second differential
amplifier, and wherein the second first electrode of the third
transistor 1s coupled to the second 1nput terminal of the sec-
ond differential amplifier.

6. The apparatus of claim 1, wherein the impedance net-

work further comprises:

a plurality of trim sets coupled in series with one another,
wherein each trim set includes:

a first resistor from the first set of resistors:

a second resistor from second set of resistors, wherein the
first and second resistors are coupled in series with one
another:;

a first trim transistor having a first passive electrode, a
second passive electrode, and a control electrode,
wherein the first and second passive electrodes of the
first trim transistor are coupled to the first resistor, and
wherein the control electrode of the first trim transistor
receives at least one of a plurality of trim signals;

a second trim transistor having a first passive electrode, a
second passive eclectrode, and a control electrode,
wherein the first and second passive electrodes of the
second trim transistor are coupled to the second resistor;
and

an mverter that 1s coupled to the control electrode of the
second trim transistor and that recerve the at least one of
a plurality of trim signals; and

a faraday shield that separates the serpentine heater resistor
from the resistors of the plurality of trim sets.

7. An apparatus comprising:

an adjustable voltage source including:

a plurality of reference resistors that are coupled 1n series
with one another; and

a plurality of reference transistors, wherein each reference
transistor includes first and second passive electrodes
that are coupled to at least one of the reference resistors,
and wherein each reference transistor includes a control
clectrode that receives one of a plurality of reference
signals;

a voltage-to-current converter 1s coupled to the adjustable
voltage source and that provides a reference current; and

an adjustable impedance network that 1s coupled to the
voltage-to-current converter, wherein the adjustable
impedance network includes:

a first set of resistors that are each formed of a first material
1n a substrate;
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a second set of resistors that are each formed of a second
material in the substrate, wherein resistors from each of
the first and second sets of resistors are arranged 1n a
pattern 1n parallel to one another so as to reduce external
thermal gradient effects; and

a serpentine heater resistor that 1s formed over a portion of
cach of the resistors from the first and second sets.

8. The apparatus of claim 7, wherein the adjustable imped-

ance network further comprises:

a field oxide layer;

a resistor body that includes the first and second sets of
transistors formed over the field oxide layer;

a first metallization layer formed over the resistor body,
wherein the first metallization layer includes a Faraday
shield;

a second metallization layer that 1s formed over the first
metallization layer, wherein the second metallization

layer includes the serpentine heater; and

a third metallization layer formed over the second metal-

lization layer, wherein the third metallization layer
includes a heat spreader.

9. The apparatus of claim 7, wherein the first set of resistors
are each formed of HSR polysilicon, and wherein the second
set of resistors are each formed of MSR polysilicon.

10. The apparatus of claim 9, wherein the voltage-to-cur-
rent converter further comprises:

a first differential amplifier having a first input terminal, a
second mput terminal, and an output terminal, wherein
the first input terminal of the first differential amplifier 1s
coupled to the adjustable voltage source, and wherein
the second mput terminal of the first differential ampli-
fier 1s coupled to the adjustable impedance network;

a first transistor having a first passive electrode, a second
passive electrode, and a control electrode, wherein the
control electrode of the first transistor 1s coupled to the
output terminal of the first differential amplifier, and
wherein the first passive electrode of the first transistor
provides the reference current, and wherein the second
passive electrode of the first transistor 1s coupled to the
second output terminal of the first differential amplifier;

a second differential amplifier having a first input terminal,
a second 1nput terminal, and an output terminal, wherein
the first input terminal of the first differential amplifier 1s
coupled to the adjustable voltage source, and wherein
the second input terminal of the second differential
amplifier 1s coupled to the adjustable impedance net-
work; and

a second transistor having a first passive electrode, a sec-
ond passive electrode, and a control electrode, wherein
the control electrode of the second transistor 1s coupled
to the output terminal of the second differential ampli-
fier, and wherein the first passive electrode of the second
transistor 1s coupled to the first passive electrode of the
first transistor, and wherein the second passive electrode
of the second transistor 1s coupled to the second output
terminal of the second differential amplifier.

11. The apparatus of claim 10, wherein the voltage-to-
current converter further comprises a third transistor having a
first passive electrode, a second passive electrode, and a con-
trol electrode, wherein the control electrode of the third tran-
sistor 1s coupled to the output terminal of the second differ-
ential amplifier, and wherein the second first electrode of the
third transistor 1s coupled to the second input terminal of the
second differential amplifier.

12. The apparatus of claim 7, wherein the impedance net-
work further comprises:
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a plurality of trim sets coupled in series with one another,
wherein each trim set includes:

a first trim resistor {from the first set of resistors;

a second trim resistor from second set of resistors, wherein
the first and second resistors are coupled 1n series with
one another:

a first trim transistor having a first passive electrode, a
second passive electrode, and a control electrode,
wherein the first and second passive electrodes of the
first trim transistor are coupled to the first trim resistor,
and wherein the control electrode of the first trim tran-
sistor recerves at least one of a plurality of trim signals;

a second trim transistor having a first passive electrode, a
second passive electrode, and a control electrode,
wherein the first and second passive electrodes of the
second trim transistor are coupled to the second trim
resistor; and

an mverter that 1s coupled to the control electrode of the
second trim transistor and that recerve the at least one of
a plurality of trim signals; and

a faraday shield that separates the serpentine heater resistor
from the trim resistors of the plurality of trim sets.

13. An apparatus comprising:
an adjustable voltage source including:

a plurality of reference resistors that are coupled 1n
series with one another; and

a plurality of NMOS reference transistors, wherein each
NMOS reference transistor 1s coupled to at least one
ol the reference resistors at 1ts source and drain and
that receives one of a plurality of reference signals at

its gate;
a voltage-to-current converter 1s coupled to the adjustable
voltage source and that provides a reference current; and

an adjustable impedance network that 1s coupled to the
voltage-to-current converter, wherein the adjustable
impedance network includes:

a field oxide layer;

a first set of resistors that are each formed of HSR poly-
silicon within a resistor body that 1s formed over the
field oxide layer;

a second set of resistors that are each formed of MSR
polysilicon within the resistor body, wherein resistors
from each of the first and second sets of resistors are
arranged 1n a pattern 1n parallel to one another so as to
reduce external thermal gradient effects; and

a first metallization layer formed over the resistor body,
wherein the first metallization layer includes a Fara-
day shield;

a serpentine heater resistor that 1s formed over a portion
of each of the resistors from the first and second sets

within a second metallization layer that 1s formed over
the first metallization layer; and

a third metallization layer formed over the second met-
allization layer, wherein the third metallization layer
includes a heat spreader.
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14. The apparatus of claim 13, wherein the voltage-to-

current converter further comprises:

a first differential amplifier having a first input terminal, a
second 1nput terminal, and an output terminal, wherein
the first input terminal of the first differential amplifier 1s
coupled to the adjustable voltage source, and wherein
the second mput terminal of the first differential ampli-
fier 1s coupled to the adjustable impedance network;

a first transistor having a first passive electrode, a second
passive electrode, and a control electrode, wherein the
control electrode of the first transistor 1s coupled to the
output terminal of the first differential amplifier, and
wherein the first passive electrode of the first transistor
provides the reference current, and wherein the second
passive electrode of the first transistor 1s coupled to the
second output terminal of the first differential amplifier;

a second differential amplifier having a first input terminal,
a second 1nput terminal, and an output terminal, wherein
the first input terminal of the first differential amplifier 1s
coupled to the adjustable voltage source, and wherein
the second input terminal of the second differential
amplifier 1s coupled to the adjustable impedance net-
work; and

a second transistor having a first passive electrode, a sec-
ond passive electrode, and a control electrode, wherein
the control electrode of the second transistor 1s coupled
to the output terminal of the second differential ampli-
fier, and wherein the first passive electrode of the second
transistor 1s coupled to the first passive electrode of the
first transistor, and wherein the second passive electrode
of the second transistor 1s coupled to the second output
terminal of the second differential amplifier.

15. The apparatus of claim 14, wherein the voltage-to-

current converter further comprises a third transistor having a
first passive electrode, a second passive electrode, and a con-
trol electrode, wherein the control electrode of the third tran-
sistor 1s coupled to the output terminal of the second differ-

ential amplifier, and wherein the second first electrode of t.

1C

third transistor 1s coupled to the second input terminal of t
second differential amplifier.

1C

16. The apparatus of claim 13, wherein the impedance

network further comprises a plurality of trim sets coupled
series with one another, wherein each trim set includes:
a first trim resistor from the first set of resistors;

1n

a second trim resistor from second set of resistors, wherein
the first and second resistors are coupled 1n series with

one another;

a first NMOS trim transistor that 1s coupled to the first trim
resistor at its source and drain and that receives at least

one of a plurality of trim signals at its gate;

a second NMOS trim transistor that 1s coupled to the sec-

ond trim resistor at its source and drain; and

an 1nverter that 1s coupled to the gate of the second NMOS
trim transistor and that receive the at least one of a

plurality of trim signals.
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